The nonlinear optical properties of two graphene derivatives, graphene oxide and graphene fluoride, are investigated by means of the Z-scan technique employing 35 ps and 4 ns, visible (532 nm) laser excitation. Both derivatives were found to exhibit significant third-order nonlinear optical response at both excitation regimes, with the nonlinear absorption being relatively stronger and concealing the presence of nonlinear refraction under ns excitation, while ps excitation reveals the presence of both nonlinear absorption and refraction. Both nonlinear properties are of great interest for several photonics, opto-fluidics, opto-electronics and nanotechnology applications.
Introduction
It is about 10 years ago that Optofluidics emerged as a new scientific research area, originating from the combination of two already established research fields, micro-fluidics and optics [1] . Optofluidics aims to combine the advantages of each of these two research areas in the same platform. In fact, Optofluidics aims to combine the appealing versatility of using fluids to perform actions arising from their micro-or nano-fluidic properties and/or to their optical properties in order to replace classical optical components made from glass, metals, or plastics. That is why in the first approach, Optofluidics referred to a class of optical systems employing fluids as optical components. However, the use of fluids possessing nonlinear optical response or fluids containing materials (e.g. dyes, nanoparticles, etc.) exhibiting nonlinear optical response can offer some more functionalities and open new horizons for optofluidic devices [1, 2] . For instance, the use of stable colloidal solutions of some nonlinear optical material can be of interest for some applications as e.g. optical limiters, optical deflectors, etc. Furthermore, the ease of tunability of the nonlinear optical response by simple chemical processes (as for example by oxidation or reduction, etc.) or through the concentration of the dispersed nonlinear material can provide additional versatility to realize optofluidic devices making use of the combination of the nonlinear optical response of a material and the fluidic aspects.
Graphene, the youngest of the carbon allotropes, generated an enormous scientific interest almost immediately after its discovery, mainly due to the several unprecedented and extraordinary optical, electrical and mechanical properties it exhibits, which have created great expectations for potential applications in several areas of modern technology and nanotechnology. Graphene, being an atom-thick, two-dimensional carbon layer consisting of hexagonally packed carbon atoms where carbon is the principal building block, allows the formation of many new stable and structurally fascinating graphene-based nanomaterials and nanostructures by means of bottomup and top-down approaches [3] [4] [5] [6] . As for the optical properties of graphene, unlike conventional semiconduc-tor materials, it exhibits an almost constant absorption (of 2.3%) and broadband optical transparency over its entire optical spectrum, from UV to IR. Its absorption is determined only by the fine-structure constant and not by the properties of the material itself. Furthermore, graphene can form easily multilayered structures, and it has been shown that its absorption scales linearly with the number of layers [7] . It has also been demonstrated that when the incident light intensity is strong enough, graphene exhibits significant broadband saturable absorption (SA), due to the Pauli blocking principle, which makes graphene suitable for mode-locking applications, e.g. in ultrafast lasers [8, 9] , for photodetectors [10, 11] , for optical modulators [12] , in plasmonics [13] and for other optoelectronics structures and devices [14] [15] [16] . In addition, graphene has been shown to exhibit important nonlinear optical (NLO) responses in a very wide range of frequencies, from microwaves and terahertz frequencies [17] up to optical frequencies [18, 19] . In particular, concerning the range of the optical frequencies, inter-band optical transitions can occur at all photon energies. Beyond the typical SA response of pristine graphene and the optical limiting effect due to nonlinear scattering (NLS) [20] , its derivatives have been shown to exhibit several other important NLO effects, such as two-photon and multiphoton absorption (TPA) [21, 22] , reverse saturable absorption (RSA) [22] [23] [24] , and optical limiting [25] [26] [27] . Therefore, graphene exhibits excellent photophysical properties and large optical nonlinearities over a wide range of laser pulse lengths, which makes it a highly promising candidate for several potential applications including fast optical communications, all-optical switching, optical limiting, etc.
In the present work, the NLO responses of two graphene derivatives, graphene oxide (GO) and graphene fluoride (GF), are studied under nanosecond and picosecond visible (532 nm) laser excitation and are compared, with the goal of shedding more light into the underlying physical mechanisms of the corresponding NLO response in view of their potential for photonics, optoelectronics and nanotechnology applications. The investigation of the NLO response of GO concerns the study of two kinds of GO, 1-3 layered GO structures, named as SLGO, and few layered GO structures (e.g. up to~10 layers), denoted as FLGO. Concerning the GF, the present work studies the NLO response of GF and GF stabilized with perfluorooctanoate groups [28] .
The former graphene derivative, GO, consists of a graphene layer with attached O-containing groups (e.g., hydroxyl groups, carboxyl groups, etc.), covalently bonded, thus featuring both π-states (sp 2 -bonded carbons) and σ-states (sp 3 -bonded carbons) and exhibiting a large energy gap, which is efficiently controlled by tuning the degree of oxidation, i.e. the sp 2 /sp 3 ratio. The ability to tune this ratio allows the continuous tuning of GO's band gap, suggesting an efficient way for the tailoring of GO's NLO response [24, 29] . However, this dependence is neither simple nor straightforward because of the non-stoichiometric nature of GO samples. Another way of modifying GO's NLO response controllably is by varying the number of graphitic layers of the sample, as each layer adds about 2.3% of absorption. Moreover, GO is more easily dispersed in organic solvents compared to pristine graphene, while it exhibits very good dispersability in water, forming very stable aqueous colloidal dispersions. This makes it even more attractive in view of health and environmental safety issues and, in particular, in view of opto-fluidic applications. Furthermore, the presence of hydroxyl and/or carboxyl functionalization groups expands significantly the strategies for its further chemical derivatization [30] . Graphene fluoride [28] consists of a graphene layer with covalently attached fluorine atoms (instead of oxygen atoms), being a 2-dimensional wide band gap semiconductor, exhibiting broadband transparency over its entire spectrum, while the stronger the fluorination is, the more the sp 2 carbon bonds that are transformed to sp 3 hybridization. Once more, the ability of tuning the ratio sp 2 /sp 3 can be an efficient way for the continuous tuning of GF's band gap, thus modifying successfully its NLO response [31] . For the improvement of the stability of the GF aqueous colloids, a non-covalent functionalization of GF sheets (f-GF) with perfluorooctanoate units was used. The important fact that the studied graphene derivatives dispersed in water or in other organic solvents can form very stable colloidal suspensions is of particular interest since it denotes the possibility of further exploitation to integrate optofluidic devices taking advantage of both the high optical nonlinearity of the graphene flakes and the fluidity of the liquid medium.
Experimental procedures 2.1 Preparation of the samples
The two types of GO samples were prepared and characterized according to the procedures described in detail in ref. [32] and references therein and were heavily oxidized as evidenced by their respective XPS and Raman spectra. The SLGO samples had 1-3 graphene layers, while the FLGO ones had up to about 16 layers. The size of the graphene sheets and the number of layers were controlled through the centrifugation procedure [33] . GF was purchased from Aldrich (CF ∼0.5 ) and was used as is. For the preparation of f-GF samples the approach described in ref. [31] was followed.
For the Z-scan measurements, aqueous dispersions of SLGO and f-GF were prepared, while the FLGO and GF were dispersed in DMF. The prepared dispersions were placed in 1 mm thick quartz cells for the Z-scan measurements. The UV-Vis-NIR absorption spectra of the prepared dispersions were measured by spectrophotometer and were carefully checked for any unwanted changes, like for example aggregation effects, laser induced photo-degradation, photo-reduction, etc. All dispersions were found exhibiting remarkable stability in time and under the laser irradiation conditions employed, their UV-Vis-NIR absorption spectra remaining unchanged for several months. Figure 1 , shows some characteristic absorption spectra of the studied graphene derivatives. Figure 1 : UV-Vis-NIR absorption spectra of aqueous dispersions of SLGO and f-GF, and FLGO and GF dispersed in DMF. All spectra correspond to a concentration of 1 mg/ml.
Nonlinear optical measurements
For the study of the NLO properties (i.e., the NLO absorption and refraction) of the graphene derivatives the Z-scan technique was used, which is a laser based technique allowing the simultaneous determination of both the magnitude and the sign of the NLO absorption and refraction of a sample from a single measurement. These NLO quantities are usually expressed in terms of the nonlinear absorption coefficient, β (m/W), and the nonlinear refractive index parameter, ′ (m 2 /W), which are related to the imaginary (Imχ (3) ) and real (Reχ (3) ) parts of the third-order nonlinear susceptibility, χ (3) , denoting in a more compact way the strength of the NLO response of a sample, through the following relations: The details of the Z-scan technique have been presented in details elsewhere [34, 35] , and only a brief description will be presented here. So, according to this technique the normalized transmittance of a sample translated along the propagation direction (e.g. the z-axis) of a focused Gaussian laser beam is measured by two different experimental configurations, the so-called "open-aperture" and "closed-aperture" Z-scans. The "open-aperture" Z-scan can exhibit either a minimum or a maximum, suggesting reverse saturable absorption (RSA) or saturable absorption (SA) behavior respectively, while the nonlinear absorption coefficient β can be then determined from fitting by the following equation:
where I 0 is the on-axis peak irradiance, L e is the effective thickness of the sample given by relation:
)︁⧸︁ a 0 and a 0 is the sample's (linear) absorption coefficient at the laser wavelength and L is the sample's length (thickness).
From the division of the "closed-aperture" Z-scan by the corresponding "open-aperture" one, the so-called "divided" Z-scan can be obtained, exhibiting a transmission minimum followed by a post-focal maximum, i.e. a valleypeak configuration, in the case where the sample exhibits self-focusing (i.e., acting as a focusing lens) or a peakvalley configuration in the case of self-defocusing (i.e., acting as a defocusing lens). The difference of the normalized transmittance between the valley and the peak, ∆Tp−v, is related to the NLO refraction parameter ′ of the sample through the following relation: For the experiments, two different laser systems were employed, a 35 ps mode-locked Nd:YAG laser and a 4 ns Qswitched Nd:YAG laser, both operating between 1 to 10 Hz. Their beams were focused into the sample by means of 20 cm focal-length quartz plano-convex lens, while the energy per pulse was monitored by means of a calibrated joule-meter. The beam waists at the focal plane, for both lasers, were measured with a CCD detector and were found to be very close 18 µm at 532 nm.
Results and Discussion
For the determination of the nonlinear optical parameters of the two graphene derivatives, several Z-scan measurements were performed on various different concentration dispersions, at several different incident laser intensities. From the analysis of the experimental data the nonlinear absorption coefficient β and the nonlinear refraction parameter ′ were determined for each measured sample. Then, the third-order nonlinear susceptibility was calculated for each derivative. Table 1 summarizes the obtained results. In order to facilitate the comparison the values of the nonlinear parameters presented in the table are all referring to a concentration of 1 mg/ml.
As can be seen in this Table, the studied GOs and GFs were found to present sizeable and similar magnitude NLO response in terms of the third-order susceptibility χ (3) . Tak- ing into account that the studied samples were prepared having similar degree of transformation of their sp 2 bonds to sp 3 ones, this reveals convincingly that the ratio sp 2 /sp 3 can be an effective and reliable parameter in order to control the NLO response of these graphene derivatives, confirming results from previous studies [24, 29] . Another interesting issue arising from the present results is the effect of the pulse length of the laser excitation on the NLO response. As shown, the magnitude of the NLO response under 35 ps excitation was found to be about two orders of magnitude lower than that of the corresponding one at 4 ns excitation. This finding is consistent with the general trend, i.e. excitation with shorter laser pulse results in lower NLO response, since the response, in this case, arises from phenomena (e.g., electronic excitation, molecular re-orientation, Kerr effect, etc.) which are associated with smaller magnitude NLO response and are occurring in faster time scales as well, as it has been shown for example in the case of fullerenes [34, 35] . Another consequence of this situation is that shorter laser pulses give rise to weaker NLO absorption, facilitating the measurement of the NLO refraction which otherwise can be concealed by the relatively stronger NLO absorption. In fact, this is what ensues under ns excitation, where the nonlinear absorption, being relatively stronger, suppresses the nonlinear refraction up to its evanescence. In particular, concerning the NLO absorption of GOs' and GFs', both derivatives were found exhibiting saturable absorption (SA) behavior at very low incident laser intensities, with the nonlinear refraction being not measurable under the present experimental conditions, switching quickly to reverse saturable absorption (RSA) with the increase of incident intensity.
Since the signals at low intensity were very noisy, introducing large uncertainties in the determination of the NLO absorption coefficient β, only the β corresponding to the RSA regime is given in the Table. Concerning the NLO absorption of the two graphene oxides, SLGO and FLGO, it is interesting to notice that the increased linear absorption of FLGO, due to the number of graphene layers of which it consists, is the reason for the almost double NLO response it exhibits, under ns excitation, compared to the single layer GO.
Another interesting finding resulting from the comparison of the NLO responses of Gf and f-GF is that the functionalization of GF results in an important enhancement of the third-order susceptibility of GF at both excitation regimes, while it changes the sign of the NLO refraction as well. In fact, GF was found exhibiting self-focusing while the f-GF was exhibiting self-defocusing. Such behavior implies the presence of some electronic state which should be located at a lower energy than that of the 532 nm photons in the case of GF, while it is pushed at higher energy in the case of f-GF. Similar changes of the sign of the nonlinear refraction have been reported and discussed elsewhere [36, 37] .
To summarize, it was shown that both GO and GF exhibit significant NLO response, at both ns and ps excitation regimes, while their response can be further engineered by adjusting the number of graphene layers and/or the degree of oxidation/fluorination of the graphitic sheet. The excellent stability of the aqueous dispersions of SLGO and f-GF, and the DMF dispersions of FLGO and Gf, along with the different NLO properties they exhibit, makes them excellent candidates for several applications in optofluidic technology.
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